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1.0  SUMMARY 

 

The Theory and Device Modeling for Nano-Structured Transistor Channels program began on 9 

June 2008 and the technical effort concluded by 6 May 2011.  It was executed by the Department 

of Electrical and Computer Engineering at the University of Minnesota with Prof. P.Paul Ruden 

serving as PI.  Dr. Isaiah P. Steinke was the key technical contributor to the program. 

 

The principal effort of the program focused on theoretical work that raises significantly the level 

of understanding of transport phenomena in nano-structured materials.  Of particular interest 

were materials that are under active exploration for the fabrication of field-effect transistors.  

Although the specific calculations focused on zinc oxide FETs, the models developed and 

explored are quite general and will be a foundation for further work that may address other 

materials.  
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2.0  INTRODUCTION 

 

The work for this program has been focused on developing models for nanostructured field-

effect transistors in order to better understand how grain boundaries impact field effect transistor 

performance.  This was motivated by the results published by Bayraktaroglu
1
 for zinc oxide 

(ZnO) thin film transistors (TFTs) that contain nanocrystalline grains on the order of ~20nm.  

The authors of ref. 1 present results that show a gate bias dependent field-effect mobility that 

reaches ~100cm
2
V

-1
s

-1
, which suggests that the mobility is dependent upon the carrier 

concentration in the channel.  The grain boundaries in the channel are thought to be the primary 

limitation for the performance of these devices since grain boundaries represent potential barriers 

that impede the motion of free carriers in the channel.  Trapped charge at the grain boundaries 

causes the formation of energy barriers between the grains.  These energetic barriers between the 

grains may be lowered by the presence of additional free carriers or by the application of an 

electric field, thus enhancing the grain-to-grain transport. 

 

We have formulated two different models to account for the role of the grain boundaries in the 

performance of these transistors.  The first model developed was a “macroscopic” model, where 

we modified the expression for the field-effect mobility of the electrons in the transistor channel 

to be dependent upon both the local carrier concentration and the longitudinal electric field.  This 

model is referred to as macroscopic since it inherently averages over multiple grains.  The 

second model we developed was intended to examine more closely the role of individual grains 

in the transistor channel.  We have called this model the “mesoscopic” model, and it incorporates 

ideas from percolation theory.  In this model, the relative populations of electrons in each grain 

influence the transport of carriers across the grain boundary by changing the magnitude of the 

potential barriers between grains.  Since percolation concepts are useful in describing phase 

transitions, this model describes the transistor when the channel goes from nonconducting to 

conducting at the threshold voltage. 
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3.0  METHODS, ASSUMPTIONS, AND PROCEDURES 

 

3.1  Macroscopic Model Theory 

 

We now describe the basic theory for our macroscopic model and summarize some of the main 

results.  In our macroscopic model, we assume that the transport in the channel is dominated by 

the drift current, and that the diffusion contribution to the current is negligible.  It is also 

assumed that the gradual channel approximation holds, such that we can write the local sheet 

carrier concentration, n(x), as a function of position along the channel as: 

 

    GSch VxV
e

C
xn  ,                                                      (1) 

 

where C is the gate capacitance per unit area, e is the elementary charge, Vch(x) is the potential at 

a point x along the channel, and VGS is the applied gate bias.  The longitudinal field F(x) is 

related to the local carrier concentration by: 

 

dx

dn

C

e

x

V
F ch 




 .                                                          (2) 

 

Since the longitudinal field is directly proportional to the gradient of the carrier concentration, 

we can write a general expression for the density- and field-dependent mobility, , solely in 

terms of n and its gradient as: 

 
q

p

dx

dn
ban 








 0 ,                                                      (3) 

 

where 0, a, b, p, and q are all model parameters.  The expression in equation 3 is our modified 

mobility that accounts for the presence of free carriers and the application of a longitudinal field 

that act to decrease the energy barriers at the grain boundaries.  Hereafter we will refer to the 

mobility terms an
p
 and b(dn/dx)

q
 in our discussion of this model as the carrier density dependent 

and longitudinal field dependent mobility terms, respectively.  Consistent with the standard 

model for field effect transistors, we assume that the current in the channel is dominated by the 

drift current, and we write the current density, j, as: 

 











dx

dn
n

C

e
nFej 

2

.                                                  (4)   

 

If the carrier density profile is known, we can use equation 4 to solve for the current density.  

However, in general the carrier density profile is unknown and we solve for n(x) under dc bias 

conditions, by noting that the current density does not change with position along the channel 

(i.e. dj/dx = 0).  We can then transform equation 4 into a nonlinear second order differential 

equation in n: 
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









dx

dn
n

dx

d

dx

dj
0 .                                                        (5) 

 

Equation 5 is subject to the boundary conditions at the source and drain ends of the channel 

(using equation 1): 

 

   TGSs VV
e

C
nn 0  and                                                 (6a) 

    DSsTDSGSd V
e

C
nVVV

e

C
nLn  ,                                    (6b) 

 

where ns and nd are the carrier concentrations at the source and drain ends of the channel, 

respectively, L is the channel length, VDS is the applied drain bias, and VT is the threshold 

voltage.  We can find the drain bias at which the current saturates, VDS,sat, by noting that the 

concentration at the drain end must always be non-negative: 

 

TGSssatDS VVn
C

e
V , ,                                                      (7) 

 

which is the same as in the standard field effect transistor model. 

 

Equation 5 for n(x) is analytically solvable in the case where the mobility is constant or in the 

case where the carrier density dependent mobility term is included.
2
  However, if we include the 

longitudinal field dependent mobility term, equation 5 becomes difficult to solve analytically and 

we instead solve it by numerical integration.  With the boundary conditions given by equations 

6a and 6b, we have a two-point boundary value problem that we solve via a relaxation method.  

The constant mobility solution given in ref. 2 is the initial seed for the carrier density profile at a 

fixed VGS and VDS.  We discussed the basic solution methodology in detail in references 3 and 4. 

 

 

3.2  Mesoscopic Model Theory 

 

We now turn to the details of our mesoscopic model.  As stated earlier, percolation can be used 

to describe sharp phase transitions, and our mesoscopic model is used to describe the transition 

of the nanocrystalline transistor channel from nonconducting to conducting.  The basics of 

percolation have been discussed in an earlier status report,
5
 and we will not repeat the details of 

percolation theory here.  Our mesoscopic model uses a site-bond percolation problem on a 2D 

triangular lattice as a basis.  We illustrated the basic ideas of the simpler site percolation problem 

on a 2D triangular lattice in a previous status report,
6
 where we saw the appearance of a lattice-

spanning cluster formed near the percolation threshold.  In other status reports, we described two 

important percolation quantities, the percolation probability,
7
 P, and the conductance,

8
 G, of the 

lattice-spanning cluster.  

 

We represent the nanocrystalline grains in the channel as the individual sites of the lattice located 

at the vertices of each triangle in our site-bond percolation problem.  The relative number of free 



  

5 
Approved for public release. 

carriers within the grain is described by the site occupation probability and is related to the local 

voltage drop across the gate insulator within the framework of the gradual channel 

approximation.  In short, the grains are considered conducting or nonconducting due to the 

presence or absence of carriers in that part of the channel.  The energetic barriers due to the 

presence of trapped charge at the grain boundaries are represented as bonds on the lattice.  We 

relate the bond occupation probability to the magnitude of the energetic barriers between grains.  

As in our macroscopic model, these energy barriers are influenced by the carrier concentration 

and by an applied longitudinal field. 

 

In a field effect transistor, the total number of carriers in the channel may be modulated by the 

gate bias, VG.  We can write the relationship of VG to the total sheet density of carriers, ntotal, via 

the formula: 

 

B

G

total n
e

CV
n  ,                                                            (8) 

 

where the extra carrier density term nB is included to represent a background of charge under 

zero applied gate bias.  This background of carriers can either be thermally excited carriers in the 

conduction band or pre-existing trapped carriers and can be used to account for a non-zero 

threshold voltage.  It is assumed that the carriers in the channel either populate conduction band 

states in the grains, n, or trap states within the grain boundaries, nT.  The total carrier sheet 

density in the channel is then related to these two quantities by: 

 

CCTTTB
G fNfNnnn

e

CV
 ,                                             (9) 

 

where NT is the (average) total number of trap states per unit area at the grain boundaries, NC  is 

the two-dimensional effective conduction band density of states, and fC and fT are the occupation 

probabilities given by: 

 

  TkEEf BCFC  exp  and                                                (10) 

 

  TkEE
f

BFT

T



exp1

1
,                                                (11) 

 

where EF is the (quasi) Fermi energy, EC is the conduction band energy, ET is the energy level of 

the trap states in the grain boundaries, kB is Boltzmann‟s constant, and T is the absolute 

temperature.  Since we are mainly interested in the behavior of the transistor near the threshold 

voltage, we have assumed that the occupation of states within the grain is non-degenerate in 

equation 10.  We rewrite fT in equation 11 using equation 10 as: 

 

  TkEE
n

N
f

BCT
C

T





exp1

1
.                                             (12) 
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We can then substitute equations 10 and 12 into equation 9 and solve for n in terms of the gate 

bias and grain boundary trap parameters, (EC – ET) and NT.  Once we have solved for n, we can 

calculate nT and thus define the probability that a site is occupied as: 

 

T

s
nn

n
p


 ,                                                              (13) 

 

which is just the fraction of carriers available for conduction for a given gate bias. 

 

This derivation was also detailed in an earlier status report,
9
 where we plotted the variation of n 

and ps as a function of VG in which the model parameters EC – ET and NT were also varied.  For 

shallow trap energy levels, we found that there was enough thermal energy at low gate voltages 

such that not all trap states are filled and a significant number of carriers are free for conduction.  

However, for relatively deep trap levels at low gate voltage, a vast majority of the carriers 

induced by the gate voltage get trapped at the grain boundaries.  Essentially no free carriers are 

available until a large enough gate bias is applied and all of the available trap states are filled.  

We also found that there is a distinct voltage at which n and ps start to have a value greater than 

zero when the trap state is deep enough (usually ~7kBT).  When investigating the effect of NT by 

fixing the trap level at midgap, we found that for a relatively low number of total traps (NT = 10
10

 

cm
-2

), almost any applied gate voltage is enough to produce free carriers regardless of the 

location of the trap energy level. 

 

We derived an expression for the energy barriers due to the grain boundaries by assuming that a 

sheet of negative charge exists at the grain boundary due to trapped carriers.
10

  We considered 

the simplest case: one grain boundary with two grains, one on either side of the grain boundary.  

In a one-dimensional model, the presence of trapped charge at the grain boundary creates a 

depletion region of width W on either side of the grain boundary.  It was assumed that the grains 

are semi-infinite (i.e. not fully depleted).  Later, we will find that this assumption is valid for the 

range of gate biases we are interested in near the threshold voltage, but the derivation with a 

finite grain size can also be done. 

 

To find an expression for the energy barriers at the grain boundary, we performed the 

straightforward one-dimensional electrostatics analysis based on the Poisson equation: 

 

 

0

2

2





S

x

dx

Vd
 ,                                                            (14) 

 

where S is the relative dielectric constant for the semiconductor (S = 7.8 for ZnO
11

), and (x) = 

+en
(3)

 for –W < x < W.  The volume density associated with the sheet density n is given by n
(3)

 = 

n/, where  is the thickness of the inversion layer in the channel (taken to be ~ 5 nm).  

Integration of equation 14 yields the solution for the electric field, F(x), for each grain on either 

side of the grain boundary separately.  Due to the presence of the sheet charge at x = 0, the 

solutions for the electric field at 0
–
 and 0

+
 differ by |enT/S0|.  Under equilibrium conditions, F(–

W) = F(W) = 0 and we find that 2n
(3)

W = nT, as expected for charge neutrality. 
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Upon integration of the expressions for electric field, we obtained the profile for the electric 

potential, V, as a function of x.  We then found the expression for the barrier height, Vb, by noting 

that Vb = V(0) – V(–W) or V(0) – V(W) in equilibrium: 

 

n

en
V

S

T
b

0

2

8 


 ,                                                            (15) 

 

The behavior of the grain boundary barrier height with gate bias was shown by varying both EC – 

ET and NT with no background of carriers.
10

  In general, the barrier height is zero when the gate 

bias is zero and then increases to a maximum.  When there are a significant number of free 

carriers available, the barrier height then decreases back to a small value.  An increase in either 

EC – ET or NT will increase the maximum value that the barrier height attains. 

 

Having derived an expression for the grain boundary barrier height, we now discuss the bond 

occupation probability.  We think of the bond occupation probability as the possibility that a 

bond on the lattice is conducting or nonconducting.  We assume that electrons in the channel can 

move between the grains if they have enough energy to surmount the energetic barrier present at 

the grain boundary (i.e. through thermal excitation) and we define pb as: 

 

 TkeVp Bbb  exp .                                                      (16) 

 

We note that the bond occupation probability is dependent upon both the free carrier and trapped 

carrier concentrations via Vb, which is in turn dependent upon the gate bias VG. 
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4.0  RESULTS AND DISCUSSION 

 

4.1  Results using the Macroscopic Model 

 

We first summarize our macroscopic model by looking at the general effects of including the 

additional mobility terms in equation 3 by looking at the addition of each term separately.
12

  For 

the results presented here, we have set our model parameters to be:  0 = 20cm
2
/V·s, 

a = 5.510
-12

cm
4
V

-1
s

-1
, b = 10

-32
cm

8
V

-1
s

-1
, a = 1, and b = 2.  Other physical device parameters, 

as well as gate and drain biases used to generate the output and transfer characteristics, are taken 

or estimated from the paper by Bayraktaroglu.
1
 

 

Figure 1 shows the carrier profile along the channel at the onset of saturation for an applied gate 

bias of 8V with the addition of either the carrier density or longitudinal field dependent mobility 

terms.  As a baseline comparison, we have included the analytical constant mobility solution 

also.  In Figure 1, we see that the addition of the carrier density and longitudinal field dependent 

mobility terms have opposite effects when compared to the constant mobility carrier profile.  

With the addition of the carrier density dependent mobility term, the carrier density is increased 

along the channel, whereas the carrier density is lowered when the longitudinal field dependent 

mobility term is added.  However, this lowering of the carrier density along the channel increases 

the carrier density gradient. 

 

 
Figure 1.  Carrier density as a function of channel position at the onset of saturation 

individually illustrating the effects of the carrier density and longitudinal field dependent 

mobility terms for VGS = 8V. 
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In Figure 2 and Figure 3, we have plotted the longitudinal electric field and the contribution to 

mobility of each additional mobility term as a function of the position along the channel, 

respectively.  Here again, we see that the mobility terms have opposite effects.  As expected 

from Figure 1, we see that the longitudinal electric field is larger near the source end and 

throughout much of the channel when the field dependent mobility term is used since the 

gradient of the carrier density is larger.  When including the carrier density dependent term, we 

see in Figure 1 that the carrier density increases all along the channel and the slope is decreased 

except near the drain end.  Thus, we see in Figure 2 that the longitudinal electric field is lowered 

except near the drain end. 

 

As can be expected from the carrier density profiles in Figure 1, the carrier density is at a 

maximum at the source end and the gradient of the carrier density is largest at the drain end of 

the channel.  Thus, we expect the contribution to mobility to be highest at the source for the 

carrier density dependent term and highest near the drain for the field dependent term, as we see 

in Figure 3. 

 

A comparison of the output and transfer characteristics from the inclusion of the carrier density 

and longitudinal field dependent mobility terms is shown in Figure 4 and Figure 5, respectively.   

 

 
Figure 2.  Plot of the longitudinal electric field along the channel for the data in Figure 1. 
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Figure 3.  Contribution to mobility for the carrier density and longitudinal field dependent 

mobility terms along the channel length for the data shown in Figure 1. 

 

 
Figure 4.  ID-VDS characteristics illustrating the effect of the carrier density and 

longitudinal field dependent mobility terms. 
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Figure 5.  ID-VGS characteristics showing the effect of the carrier density and longitudinal 

field dependent mobility terms. 

 

For the model parameters used, we find that the addition of the carrier density dependent 

mobility term yields the largest current for a given gate and drain bias.  From equation 4, we see 

that the combination of carrier density dependent mobility term as well as the increase in the 

carrier density along the channel offset the lowering of the carrier density gradient for a net 

increase in current.  We also find that at low drain bias (and hence low longitudinal electric field) 

that the field dependent mobility term does not contribute much to the drain current, as seen in 

Figure 5 for VDS = 0.5V.  The triode regime of the output characteristic in Figure 4 is also 

different, as the field dependent mobility term appears to “flatten” this portion of the 

characteristic. 

 

As one might expect, when including both extra mobility terms at the same time, the results tend 

to offset.
13

  As discussed in ref. 13, the carrier density and longitudinal field as a function of 

position more closely follow the constant mobility solution, with the some deviation at the 

source and drain ends of the channel due to the presence of these extra mobility terms.  However, 

the additional mobility terms have a similar contribution to mobility to the results shown in 

Figure 3, and the drain current in the output and transfer characteristics was greatly increased. 

 

The magnitude of the applied drain bias has a large influence on the contribution of longitudinal 

field dependent mobility term.
13

  For the results presented here, we have biased the transistor at 

the onset of saturation.  In ref. 13, we found that even a 33% reduction in drain bias from VDS,sat 

is enough to reduce the contribution to mobility of the longitudinal field dependent term such 

that the contribution to mobility from the carrier density dependent mobility term is greater 

throughout the entire channel.  As stated earlier, our results in Figure 5 showed that for a small 
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drain bias of 0.5V, the addition of the longitudinal field dependent mobility term is not enough to 

significantly alter the magnitude of the drain current from the constant mobility case. 

 

To conclude our discussion of the macroscopic model, we show how well the model can fit the 

output characteristics presented by Bayraktaroglu below saturation.
1
  We have extracted the 

values for 0, a, and VT by fitting the channel conductance using the output characteristics in the 

linear regime (VDS < 0.5V) with p = 1.  Using the necessary experimental device parameters from 

ref. 1, we find that 0 = 160cm
2
V

-1
s

-1
, a = 10

-11
cm

4
V

-1
s

-1
, and VT = 4V.  In Figure 6, we have 

plotted the experimental data as open circles along with two curves using the model: the dashed 

line is with the addition of the carrier density dependent mobility only, and the solid line 

additionally includes the longitudinal field dependent mobility term with b = 710
-32

cm
8
V

-1
s

-1
 

and q = 2.  We find that the fit to the experimental output characteristics is good for low values 

of VDS when just the carrier density dependent mobility term is included, but does not adequately 

fit at higher values of VDS and VGS.  With the addition of the longitudinal field dependent 

mobility term, we can improve the fit to the experimental data over the entire range of VDS at 

large values of VGS. 

 

 
Figure 6.  Macroscopic model fit to the experimental data presented in ref. 1.  See text for 

model parameters used. 
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4.2  Results using the Mesoscopic Model 

 

We now summarize the results of our mesoscopic model.  Previously, we investigated
14

 the 

variation of both the site and bond occupation probabilities as a function of VG for NT = 10
12

 cm
-2

 

and EC – ET = 6kBT and 8kBT.  It was found that the bond occupation probability has a different 

dependence on VG than the site occupation probability.  With no background of carriers present, 

the bond occupation probability is quite high at zero gate bias and then quickly decreases to 

almost zero.  Only once a significant density of free carriers is available again to lower the 

barrier height will the bond occupation probability then increase.  When a shallower trap level is 

used, the bond occupation probability does not go as low since there is a greater possibility of 

free carriers available. 

 

Now that we see that both the site and bond occupation probabilities are determined by the 

applied gate bias, we connect these quantities to the site-bond percolation problem to determine 

the threshold voltage.
15

  The sudden appearance of the lattice-spanning cluster in the site-bond 

problem represents a change in the lattice from a nonconducting to a conducting state.  With the 

use of Monte Carlo simulations, we have determined this threshold for the site-bond percolation 

problem in pb – ps space for a 50  50 triangular lattice.  As discussed earlier, both the site and 

bond occupation probabilities may be determined for a given gate bias and model parameters.  

The intersection of these mesoscopic model curves as determined by the carrier statistics with the 

site-bond percolation threshold curves represents the gate bias necessary to reach the threshold 

voltage. 

 

In the last status report,
16

 we determined the threshold voltage as a function of one of the model 

parameters, EC – ET.  It was found that the magnitude of the threshold voltage reached a limit 

when EC – ET was increased to ~7kBT, after which it remained constant.  This result was true 

even when the total density of traps and the temperature are varied.  For the same trap energy, 

increasing the total density of traps or decreasing the temperature will increase the magnitude of 

the threshold voltage. 

 

We now look at the variation of the threshold voltage with two other model parameters, NT and 

T.  In Figure 7, we have plotted the site-bond thresholds for the square and triangular lattices 

along with the mesoscopic model curves in which we have varied NT and fixed EC – ET = 6kBT 

and T = 300 K.  In Figure 8, we have also plotted these thresholds and curves when T is varied 

and EC – ET = 5kBT and NT = 10
12

 cm
-2

.  We find that when T is increased that we appear to reach 

a limiting value of (ps, pb) whereas we do not when NT is varied. 
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Figure 7.  Plot of the mesoscopic model curves and site-bond threshold data used to 

determine VT. The various mesoscopic model curves are for different values of NT. 

 

 
Figure 8.  Plot of the mesoscopic model curves and site-bond threshold data used to 

determine VT.  The various mesoscopic model curves are for different values of T. 
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To explore this further, we have extracted the threshold voltages as a function of NT for various 

EC – ET in Figure 9 and various T in Figure 10.  In both figures, we see that dependence of VT on 

NT appears to be linear over the range of NT considered.  However, we do see that both EC – ET 

and T appear to limit the magnitude of the threshold voltage (e.g. the very small differences in 

the EC – ET = 6kBT and 9kBT data points in Figure 9). 

 

Similarly, we explore the variation of the threshold voltage with T for various values of NT and 

EC – ET in Figures 11 and 12, respectively.  In both of these figures we find that the threshold 

voltage appears to saturate as the temperature is increased.  In Figure 11, we see that the spacing 

of data points at a fixed temperature is incrementally the same with respect to NT, as was 

concluded before where VT varied approximately linearly with NT.  We also find in Figure 12 that 

once EC – ET has been increased sufficiently high; the magnitude of the threshold voltage does 

not increase appreciably. 

 

 

 
Figure 9.  Variation of threshold voltage as a function of NT for various trap depths below 

the conduction band. 
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Figure 10.  Variation of threshold voltage as a function of NT for various temperatures. 

 
Figure 11.  Variation of threshold voltage as a function of temperature for different values 

of NT. 
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Figure 12.  Variation of threshold voltage as a function of temperature for EC – ET. 
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5.0  CONCLUSIONS 

 

We have described two models to explain the behavior of a nano-structured field-effect 

transistor.  The channels in this type of device contain multiple grain boundaries that are the 

primary limitation in their performance.  These grain boundaries introduce energetic barriers that 

electrons in the channel must overcome in order to move from one grain to another.  The 

magnitude of this energetic barrier may be altered by the free carrier concentrations in the two 

grains separated by the grain boundary, or by the application of a longitudinal electric field. 

 

In our macroscopic model, we have explicitly modified the mobility to include dependencies 

upon the local sheet carrier concentration and the longitudinal electric field in order to account 

for the aforementioned grain boundary energy barrier lowering effects.  With the use of the 

gradual channel approximation, we have written the longitudinal field in terms of the gradient of 

the carrier density.  This yielded an expression for the current density that can be written solely 

in terms of the local carrier concentration.  We found the values for the carrier density along the 

channel by using a relaxation method to solve the nonlinear second-order differential equation 

that results when the longitudinal field dependent mobility term is included. 

 

We first explored the effects of including each of the extra mobility terms separately.  In general, 

we found that the presence of the carrier density dependent mobility term increases the 

magnitude of the carrier concentration throughout the channel.  However, the presence of the 

longitudinal field dependent mobility term did the opposite, lowering the carrier density 

throughout the channel, thereby increasing the carrier concentration gradient.  We also found 

opposite effects when we looked at the contribution to mobility for each of these mobility terms. 

The carrier density dependent mobility term made its greatest contribution to the mobility at the 

source where the carrier density was largest, whereas the longitudinal field dependent mobility 

term made its greatest contribution at the drain end, where the carrier density gradient was 

largest.  Lastly, we found that the addition of either term increases the overall magnitude of the 

current density when compared with the constant mobility case. 

 

As one would expect, when both mobility terms were used at the same time, the result was that 

they offset each other, as seen in the carrier density and field profiles.  However, there is still a 

large increase in the overall current density.  We also found that the longitudinal field dependent 

mobility term was influenced by the magnitude of the applied drain bias.  When we modestly 

decreased the magnitude of the applied drain bias, we found a lower contribution to the mobility 

from the longitudinal field dependent mobility term.  For very small drain biases (< 0.5V), the 

additional contribution to the current density due to the longitudinal field dependent mobility 

term was negligible. 

 

We demonstrated the use of our macroscopic model by fitting the output characteristics to the 

nano-structured ZnO transistors grown by Bayraktaroglu .  Using the channel conductance data 

in the linear region of the output characteristics, we extracted the macroscopic model parameters 

for VT, 0, and a.  The addition of only the carrier density dependent mobility term showed a 

good fit to the experimental data at relatively low drain bias.  We were able to achieve a much 

better fit to the output characteristics throughout the triode regime by adding the longitudinal 

field dependent mobility term. 
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The shortcoming of our macroscopic model is that it inherently averages over multiple grains in 

the channel.  In order to incorporate the effects of the individual grains in the nano-structured 

channel, we developed a mesoscopic model.  This model uses percolation theory to account for 

the statistical variation in grains.  Specifically, we used a site-bond percolation problem on a 2D 

triangular lattice.  The sites on this lattice were represented by the grains in our transistor channel 

and were occupied if there was a significant fraction of free carriers available.  The bonds on the 

lattice were represented by the energy barriers between neighboring grains and were occupied if 

this energy barrier was small enough.  Both of these quantities were controlled by the applied 

gate bias, which determined the population of free carrier states in the grain and trap states at the 

grain boundary. 

 

One of the main features of percolation is that an abrupt phase transition occurs when the critical 

percolation threshold has been reached.  In our nano-structured transistor, this transition 

represents the transistor channel „turning on‟ when we have reached the threshold voltage.  

Using multiple Monte Carlo simulations for the site-bond percolation problem, we determined 

the site-bond percolation threshold in pb – ps space.  We then combined this threshold with the 

site and bond occupation probabilities determined using the carrier statistics in our mesoscopic 

model.  When these two curves intersect, we have reached the gate voltage at which percolation 

occurs and have determined the threshold voltage for the transistor. 

 

We have explored the variation in the threshold voltage with the adjustable parameters in our 

mesoscopic model: EC – ET, NT, and T.  We found that when we decreased the energy of the trap 

state below the conduction band edge, the threshold voltage increased until we reached ~7kBT, 

after which the threshold voltage remained constant.  We found a similar limitation when 

increasing the temperature except that increasing the temperature decreases the magnitude of the 

threshold voltage.  When the total concentration of traps at the grain boundary was increased, we 

found that the magnitude of the threshold voltage increased linearly with no limiting value. 

 

Both models developed are quite general inasmuch as they can be applied to field effect 

transistors with a wide range of nanostructured channel materials.  Both also can be extended to 

overcome their present limitations.  Specifically, the macroscopic model calls for an extension 

into the saturation regime such as to model the finite output conductance in saturation displayed 

by the current experimental output characteristics.  The mesoscopic model can be readily 

extended beyond the linear regime by including the local variation of the occupation 

probabilities for sites and bonds into the Monte Carlo simulations that yield the channel 

conductance.  In a simple approximation, this local variation could be determined within the 

gradual channel approximation as obtained from the macroscopic model.  Overall, the models 

developed here represent a very good starting point for further theoretical explorations of field 

effect transistors with nanostructured channel materials.  
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LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS 

 

a coefficient for the carrier density mobility term (macroscopic model) 

 

b coefficient for the longitudinal field mobility term (macroscopic model) 

 

C gate capacitance 

 

e elementary charge 

 

EC conduction band energy 

 

EF Fermi energy 

 

ET trap level energy 

 

fc occupation probability for free carriers 

 

fT occupation probability for trapped carriers 

 

F(x) longitudinal field along the channel 

 

G conductance of the lattice-spanning cluster 

 

j(x) current density 

 

kB Boltzmann‟s constant 

 

L channel length 

 

nB background sheet charge concentration 

 

NC two-dimension effective conduction band density of states 

 

n
(3)

 depleted charge density in the grain 

 

nd sheet carrier concentration at the drain end of the channel 

 

ns sheet carrier concentration at the source end of the channel 

 

NT total density of traps at the grain boundary 

 

nT trapped sheet carrier concentration 

 

ntotal total sheet carrier concentration  
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n(x) sheet carrier concentration or free carrier density 

 

P percolation probability 

 

p exponent for the carrier density mobility term (macroscopic model) 

 

pb bond occupation probability 

 

ps site occupation probability 

 

q exponent for the longitudinal field mobility term (macroscopic model) 

 

T absolute temperature 

 

TFT thin film transistor 

 

V electric potential 

 

Vb grain boundary energy barrier height 

 

Vch(x) potential at point x along the channel 

 

VDS applied drain bias 

 

VDS,sat saturation drain bias 

 

VGS, VG applied gate bias 

 

VT threshold voltage 

 

W gate width 

 

ZnO zinc oxide 

 

 effective channel thickness 

 

0 dielectric constant in vacuum 

 

S relative dielectric constant for the semiconductor 

 

 field-effect mobility 

 

0 constant mobility term (macroscopic model) 

 

(x)  charge density 


